Hepatitis C virus NS3 protein has two enzymatic activities of helicase and protease that are essential for viral replication. The helicase separates the strands of DNA and RNA duplexes using the energy from ATP hydrolysis. To understand how ATP hydrolysis is coupled to helicase movement, we measured the single turnover helicase translocationdissociation kinetics and the pre-steady-state Pi-release kinetics on single-stranded RNA and DNA substrates of different lengths. The parameters of stepping were determined from global fitting of the two types of kinetic measurements into a computational model that describes translocation as a sequence of coupled hydrolysis-stepping reactions.
Hepatitis C virus NS3 protein has two enzymatic activities of helicase and protease that are essential for viral replication. The helicase separates the strands of DNA and RNA duplexes using the energy from ATP hydrolysis. To understand how ATP hydrolysis is coupled to helicase movement, we measured the single turnover helicase translocationdissociation kinetics and the pre-steady-state Pi-release kinetics on single-stranded RNA and DNA substrates of different lengths. The parameters of stepping were determined from global fitting of the two types of kinetic measurements into a computational model that describes translocation as a sequence of coupled hydrolysis-stepping reactions.
Our results show that the HCV helicase moves with a faster rate on single stranded RNA than on DNA. The HCV helicase steps on the RNA or DNA one nucleotide at a time, and due to imperfect coupling, not every ATP hydrolysis event produces a successful step. Comparison of the helicase domain (NS3h) with the proteasehelicase (NS3-4A) shows that the most significant contribution of the protease domain is to improve the translocation stepping efficiency of the helicase. While for NS3h, only 20% of the hydrolysis events result in translocation, the coupling for NS3-4A is nearperfect 93%. The presence of the protease domain also significantly reduces the stepping rate, but it doubles the processivity. These effects of the protease domain on the helicase can be explained by an improved allosteric cross-talk between the ATP-and nucleic acidbinding sites achieved by the overall stabilization of the helicase domain structure.
Hepatitis C Virus (HCV) is the causative agent of Non-A, Non-B hepatitis and it has infected ~180 million individuals worldwide(1). The HCV genome is a positive RNA strand that is translated into a 9600 residue long polypeptide. Posttranslational cleavage of the polypeptide yields the structural and non-structural proteins of the HCV. The non-structural protein NS3 is a multifunctional enzyme with protease and NTPasehelicase activities (2) . The chymotrypsin-like protease activity resides in the N-terminal domain that complexes with the NS4A protein (3) and is responsible for the post-translational processing of the poly-protein at the NS3-4A-4B-5A-5B junctions (4, 5) . The helicase activity resides in the C-terminal domain of the NS3 (6) . It is a superfamily 2 DEXH/D helicase that has the ability to separate the strands of both dsDNA and dsRNA (7) (8) (9) (10) (11) (12) (13) . The two domains of the HCV NS3 have been expressed separately into active proteins. However, when present in a single polypeptide they appear to enhance each other's activity by mechanisms that are not fully understood. The NS3-NS4A, for example, exhibits significantly higher protease activity (14) and the protease domain has been reported to increase the processivity of dsRNA unwinding (10, 13, 15) .
Translocation along single-stranded nucleic acid (ssNA) is considered one of the key activities of helicases for unwinding duplex substrates. Many superfamily 1 and 2 helicases have been demonstrated to translocate along ssDNA with the same unidirectional bias they display while unwinding their duplex substrates (16) (17) (18) (19) . The ability to move along ssNA processively facilitates unwinding, because the helicase can employ this activity to unwind stretches of duplex nucleic acids longer than its binding site through sequential translocation and base pair destabilization steps. On the other hand, several DEAD box RNA helicases have been proposed to unwind duplex substrates through local duplex unwinding without processive helicase translocation (20, 21) . Translocation of the HCV helicase on ssNA is not well-studied. Despite the indirect evidence that it is capable of both ssDNA and ssRNA translocation (22, 23) , it is not known whether the HCV helicase can translocate processively in the absence of the singlestranded/double-stranded junction in the unwinding substrates.
Helicase translocation is a periodic stepwise process driven by ATP hydrolysis. In the course of the ATPase cycle, transitions of the ATP binding site between different states (e.g., empty, ATP-bound) are coupled to conformational changes of the nucleic acid binding site that are responsible for the movement of the helicase in the specific direction (24) (25) (26) . The ATPase cycle confers the basic level of periodicity on the translocation process. The distance travelled by the helicase between consecutive ATP hydrolysis events is described as a chemical step (27) .
During stepping, the helicase's nucleic acid binding site alternates between strong and weak affinity states (26) . Strong affinity results from the interactions of specific amino acid residues of the helicase with the bases, sugar, and phosphate backbone of the nucleic acid. There is structural and functional evidence that the NS3h protein interacts with 8 nucleotides of its substrate (9, 28) . Due to specific bondings and steric constraints, tight interactions between helicase and the nucleic acid strand are possible only if the helicase is located at discrete positions spaced by one nucleotide along the substrate. Since the chemical steps move the helicase between discrete positions on the nucleic acid, the size of a chemical step is expected to be an integer number of nucleotides.
Thermal fluctuations play a major role in the mobility of nanometer-scale objects, including helicases, which, like other molecular motors, have most likely evolved to take advantage of this phenomenon to aid in translocation. Therefore, translocation is expected to be a stochastic process, whereby each stepping reaction leaves the helicase molecule at the same position, moves it one or several nucleotides forward, or even in the opposite direction. The probabilities of each outcome (probability mass function) represent a detailed description of coupling between ATP hydrolysis and movement. The uncertainty of the stepping reaction is one of the reasons for observing a fractional average step size.
The step size of a helicase is often determined using ensemble single turnover kinetics or single molecule kinetics of unwinding (29) (30) (31) (32) (33) . The kinetics of unwinding in such measurements is dictated by a sequence of rate limiting steps that lead to the observed product.
Ideally, the sequence is dominated by the chemical stepsreactions of hydrolysis-stepping cycle repeated with constant rates. In such case, the number of steps, the limiting rates, and the step size can be accurately estimated. In practice, the observed stepping in the kinetic measurements may be dictated by steps other than the chemical steps. In ensemble kinetics, the shape of the reaction kinetics is often affected by several factors that produce an appearance of stepping with step size larger than the chemical step (27, 34, 35) . For example, if a subpopulation of the helicase translocates with the same step size, but a slower rate, due to partial misfolding, proteolysis, or oxidation, the step size will appear to be larger than the chemical step. Slow transitions of the helicase between states with different kinetic properties create dynamic subpopulations that can be responsible for step size overestimation. An example of such transition that results in an apparently large kinetic step size of 18 bp for the HCV NS3 helicase is the proposed binding and slow release of the product strand during dsRNA unwinding. Binding of the product strand to the secondary nucleic acid binding site of NS3 reduces the rate of its subsequent steps until the release event restores it (36). Such events can also affect the observed step sizes by single molecule methods. Optical trap experiments with the HCV NS3 helicase have measured a large step size of 11 bp for dsRNA unwinding and substeps of 2-3 bp (33) . Similarly, single molecule FRET studies of the HCV NS3 have measured step sizes of 3 bp and substeps of 1 bp for dsDNA unwinding (33) . Recent crystal structure studies of the HCV NS3h helicase suggest a step size of 1 bp/ATP (24) .
The first goal of this paper was to determine the chemical step size of the HCV helicase to understand how ATP hydrolysis is coupled to movement during translocation. To that end, we measured the pre-steady-state kinetics of the two reactions that are linked to translocation-helicase dissociation from the end of linear ssNA substrates of increasing lengths and ATP hydrolysis on these substrates (37) . Helicase dissociation kinetics was measured in real time by taking advantage of the increase in the intrinsic fluorescence of NS3 after dissociation from the ssNA (9) . The dissociation also leads to a reduced ATP hydrolysis rate making it possible to use pre-steady-state ATPase kinetics to study translocation. Determining the ATPase kinetics were particularly important for this study because the Pi released served as a measure of the number of hydrolysis cycles undergone by the system, allowing us to estimate the parameters of the mechanochemical step. Helicase dissociation and ATPase kinetics were measured with ssNA substrates of different lengths. The experimental results were globally fit into a computational model that represents translocation as a sequence of coupled hydrolysisstepping reactions. The analysis shows that in all cases the HCV helicase moves with a step size of one nucleotide.
The second goal was to study how translocation is influenced by the type of the nucleic acid backbone and by the protease domain of NS3. Using computational fitting of the dissociation and ATPase data, we found that NS3h steps nearly 5 times faster on ssRNA than on ssDNA. Faster stepping of NS3h on ssRNA comes at the expense of processivity. The rate of dissociation from the middle of ssRNA is 10 times greater than from ssDNA. We find that the most significant contribution of the protease domain to the helicase activity is to improve the stepping efficiency of the helicase. In the absence of the protease domain, the helicase takes a step after 4 unsuccessful attempts, giving the total of 5 ATP molecules per nucleotide translocation. In contrast, the two-domain helicase-protease enzyme stumbles on an average only once in 13 steps consuming 1.1 ATP molecules per nucleotide.
EXPERIMENTAL PROCEDURES
The γ-32 P-ATP was purchased from Amersham Biosciences (currently GE). All other chemicals were purchased, reagent grade from Sigma (St. Louis, MO). Tween 20 used in all buffers was passed though activated charcoal to remove fluorescent contaminants. Unless stated otherwise, all assays were conducted at 22°C in Reaction Buffer containing 50 mM MOPS-Na pH 7, 5 mM MgCl 2 , 5 mM DTT and 0.1% Tween 20.
All chemicals used in the Pi-release experiments were ultra-pure grade, phosphate free. Dextran sulfate (MW ~10,000) used in the experiments was dialysed extensively against Pifree Reaction Buffer to remove any contaminating phosphates.
Pre-steady-state kinetics was measured using stopped flow instrument (KinTek Corporation, Austin, TX).
Proteins and nucleic acids
The helicase domain of HCV NS3 protein was overexpressed in E. coli carrying pET21b-NS3HCV plasmid (28) . NS3h (GenBank accession number M62321) was purified to a final concentration of 105μM by metal-immobilization chromatography through its C-terminal hexa-His tag and stored in a buffer containing 50mM MOPS-Na, pH 7, 0.5mM MgSO 4 , 5mM DTT and 20% glycerol as described previously (38) . NS3-4A used in the experiments is a single-chain construct where the NS4A fragment is covalently attached to the N-terminus of the NS3 protein (39) . The NS3-4A protein (GenBank accession number M58335) was purified to a final concentration of 9.3 μM as previously described and stored in a buffer containing 25mM HEPESNa pH 7.5, 10mM β-ME, 300mM NaCl and 10% glycerol (39) . Protein concentrations were determined from absorbance at 280 nm in 8 M urea. The extinction coefficient of NS3h (47,600 M − 1 cm − 1 ) and NS3-4A (102,000 M −1 cm −1 ) was calculated by adding molar extinction coefficients of tryptophan (5690 M − 1 cm − 1 ) and tyrosine (1280 M − 1 cm − 1 ) residues. The protein concentration was also checked using the Bradford method using bovine serum albumin as a standard (40) .
The recombinant E. coli phosphate binding protein was purified and modified with N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide (MDCC) as described previously (41) .
To avoid effects of secondary structure on translocation, all oligonucleotides used in this study were homopolymeric oligo dT and oligo rU. The oligodeoxyribonucleotides were purchased from IDT DNA Technologies (Coralville, IA), and purified by denaturing PAGE containing 8M urea, and purified from the gel by electro-elution (Schleichur & Schull, CA). The oligoribonucleotides were purchased RNAse-free HPLC purified from Dharmacon Inc. (Lafayette, CO). The concentration of the oligonucleotides was determined by carrying out complete hydrolysis of the oligonucleotide to its individual nucleotides using snake venom phosphodiesterase (Sigma, MO) and measuring its absorbance at 260 nm. The concentration determined represents oligonucleotide strands.
Steady-state ATPase assay
In these experiments, 40nM of the enzyme (NS3h or NS3-4A) was pre-incubated with 400nM of single-stranded oligonucleotide (ssDNA or ssRNA). This was mixed with an equal volume of 1 mM ATP spiked with γ-32 P-ATP. The reaction was incubated for specified intervals of time (20-300 s), and stopped with 4N HCOOH. 0.5μL of each time-point of the reaction was spotted onto a PEI-Cellulose thin-layer chromatographic plate. The hydrolyzed Pi was separated from the unhydrolyzed ATP using 0.4M Potassium Phosphate pH 3.4, as the chromatographic buffer and quantified using Phosphorimager (Molecular Dynamics). The molar Pi was plotted against time of reaction and the slopes provided the velocities. The velocities were divided by enzyme concentration to obtain the ATPase rate constant (s -1 ).
Helicase dissociation kinetics
To measure kinetics of HCV helicases dissociation from ssNA substrates, 40nM of the enzyme (NS3h or NS3-4A) was pre-incubated with 400nM of single-stranded oligonucleotide (ssDNA or ssRNA). This was rapidly mixed with an equal volume of 1 mM ATP and 2.5mM Dextran sulfate in a stopped-flow instrument. The reaction was monitored using the protein's intrinsic tryptophan fluorescence. Protein fluorescence was excited at 280nm and the emission was measured using 345nm low-pass filter and a slit size of 0.5mm. The assay was carried out with NS3h and NS3-4A proteins and DNA and RNA substrates of different length. For each protein-substrate pair, 7 or 8 time courses were collected. Protein dissociation from the ssNA resulted in an increase in the intrinsic protein fluorescence. The kinetic traces were averaged and fit to an exponential equation to obtain the dissociation rate constant.
Helicase translocation rate was estimated from the effect of the substrate length on the observed dissociation rate. The estimate is based on the following assumptions. During pre-incubation the helicase binds to a random position of ssNA substrate. After mixing with ATP and trap, the helicase translocates in 5' direction, reaches the end of the substrate and dissociates producing the observed fluorescence increase. Let us consider a scenario where a helicase with a binding site B nucleotides translocates on an L -nucleotide-long ssNA. The enzyme can occupy any of N = L -B + 1 locations on the substrate, assuming that it must make all the contacts to remain bound, without hanging from the ends. An enzyme bound to a position i has to travel N -i nt to reach the end of the substrate. For a population of enzymes, the average distance traveled is
Therefore the translocation rate was roughly estimated from the inverse slope of retention time versus ssNA length and dividing it by 2.
Phosphate release kinetics
The ATPase rate was measured in real time from the phosphate release kinetics using a coupled enzyme assay. The methodology involves the use of Phosphate Binding Protein (PBP) labeled with MDCC(7-diethylamino-3-((((2-maleimidyl)ethyl)amino)carbonyl)coumarin) (41, 42) . When NS3h hydrolyzes ATP and releases ADP and Pi, the Pi released is bound up by the PBP. The protein binds Pi tightly (K D = 0.1μM) and rapidly (rate constant = 1.4 x10 8 M -1 s -1 at 20 °C) and results in ~8 fold enhancement in the fluorescence emission. This approach has been used to characterize several ATPases (41, (43) (44) (45) (46) (47) (48) (49) (50) .
In these experiments, 40nM of the enzyme (NS3h or NS3-4A) was pre-incubated with 400nM of the ss RNA or ssDNA substrate along with 15μM of MDCC-PBP in the Reaction Buffer without DTT. To initiate the reaction this solution was rapidly mixed with an equal volume of 1 mM ATP. In case of NS3-4A helicase, 2.5mM dextran sulfate was included with the ATP solution. To remove any contaminating inorganic phosphate, Pi-mop consisting of 0.5mM 7-methyl guanosine (7-MeG) and 0.1U/ml purine nucleotide phosphorylase (PNPase) was added to both solutions followed by 10 min. incubation at room temperature for 10 min to remove any contaminating Pi in solution. The syringes of the stopped-flow instrument were also treated with Pimop for 30 min. before the experiments. However, the Pi-mop used to treat the instrument syringes consisted of 0.5mM 7-methyl guanosine (7-MeG) and 1.0U/ml purine nucleotide phosphorylase (PNPase) to account for the greater volume and larger surface area of the syringes. MDCC-PBP fluorescence was excited at 425 nm and the emission was measured using a 450 nm low-pass filter, with a slit size of 1 mm. To calibrate the fluorescence signal, 15 μM of MDCC-PBP was rapidly mixed with different concentrations of Pi. The observed fluorescence as a function of [Pi] was fit into a straight line and the proportionality coefficient was used for converting MDCC-PBP fluorescence to Pi concentration.
Pi release kinetics from NS3h-catalyzed reactions was measured with ssDNA and ssRNA, and of NS3-4A with ssRNA of increasing length. For each protein-ssNA pair, 7 or 8 time courses were collected, converted to molar ratio [Pi]/[NS3], averaged, and fit to the equation,
Where a is the burst amplitude, k is burst rate constant, t is time, b is the steady state rate, and p 0 is the y-intercept. Confidence intervals for the kinetic constants were estimated by fitting individual time traces.
Modeling and data analysis
The helicase translocation model was programmed in MATLAB (The MathWorks, Inc,. Natick, MA).
Mass-action reactions for dissociation and Pi release experiments generated by the model were converted into ODEs and solved using rsys library. The solutions were used for calculating the experimentally observed helicase fluorescence and Pi concentration.
Experimental data were arranged into three datasets: NS3h/DNA, NS3h/RNA, and NS3-4A/RNA. Each dataset contained from 11 to 17 helicase dissociation and Pi release experiments performed with substrates of different length. To automatically connect the model to experiments of different types, simulations and fitting was performed using gfit, an open source program for global analysis of experimental data (51) . Experiments from each dataset were globally fit into the translocation model. During fitting, model parameters related to translocation mechanism (e.g., step size, dissociation rate) were applied globally, that is, same value was used for simulation of every experiment. Other parameters (e.g., fluorescence offset) were allowed to vary individually for each experiment.
Optimization was performed using weighted least squares objective function. To compensate for the dynamic range difference between dissociation and phosphate release experiments, statistical weights of respectively 50 and 0.1 were assigned.
Trust-region reflective Newton algorithm was used for local gradient optimization. For global search of the parameter space, gradient optimization was coupled with a random restart algorithm, which repeated the gradient optimization from random starting values thousands of times until many best fits with close proximity to one another were found. The model, data, and the software for simulation and analysis are available from http://gfit.sourceforge.net/
RESULTS
In this study, we have used two different constructs of the HCV helicase -the proteasehelicase NS3-4A (39) and the helicase domain NS3h (28) to characterize the kinetics of translocation along ssDNA and ssRNA. NS3-4A is a single-chain construct in which the NS4A fragment is covalently attached to the N-terminus of the NS3 protein. The nucleic acid substrates used in this study were homopolymeric to avoid sequence and secondary structure effects on translocation.
Translocation mechanism
The reactions involved in helicase translocation along ssNA are shown in Fig. 1 . The assays start by pre-incubating the helicase with a 10-fold molar excess of the ssNA substrate in the absence of ATP. Under these conditions, very few substrate molecules will have more than one helicase bound. It is assumed that the helicase binds to all sites with an equal affinity and rate constant. Addition of ATP initiates its hydrolysis and causes the helicase to step forward. After repeated hydrolysis-stepping, the helicase translocates to the end of the substrate, and dissociates from it.
The helicase may also dissociate from the middle of the ssNA after a translocation step. Free helicase hydrolyzes ATP at a lower rate and, in the absence of a trap, can rebind the ssNA substrate.
Steady-state ATPase is stimulated by nucleic acids in a length-dependent fashion
Previously, it was shown that NS3h and NS3-4A proteins bind ssNA substrates with nanomolar K d , have low intrinsic ATPase activity, and hydrolyze ATP at a higher rate in the presence of ssNA (9, 13, 52) . Here, we have measured the steady-state ATPase rates of NS3h and NS3-4A with ssDNA and ssRNA substrates of different lengths. The ssNA-stimulated ATPase rates of both enzymes increased with increasing length of the ssNA to reach a saturating value (Fig. 2 , Table  S1 ). The ssRNA stimulated the ATPase activity of NS3h and NS3-4A enzymes about 10 times more than the ssDNA substrate. The increase in the steady-state ssNA-stimulated ATPase activity with increasing ssNA length is consistent with the translocation mechanism that involves ATP hydrolysis, translocation, and dissociation from the end of the linear ssNA substrate (53, 54) .
Kinetics of helicase dissociation from nucleic acids of different length
A helicase translocating along linear ssNA will dissociate upon reaching the end of the substrate. Since the intrinsic fluorescence of the NS3 helicase is quenched upon binding to the ssNA, its movement along ssNA can be studied by a continuous fluorescence-based assay that measures the fraction of NS3 associated with the ssNA at any time (9, 17, 26, 55) . In stopped-flow assays carried out at 22 o C, NS3 proteins preincubated with a 10-fold excess of ssNA were mixed with an equal volume of ATP and dextran sulfate trap to initiate the translocation process. The low NS3 / ssNA ratio ensured that majority of the NS3-ssNA complexes contained only one NS3 molecule. Excess of the dextran sulfate trap added simultaneously with ATP prevented the re-binding of NS3 to ssNA (56) . Binding to the dextran sulfate trap did not change the fluorescence properties of the NS3 proteins. Therefore, the observed increase in fluorescence was due to the dissociation of the NS3-ssNA complex. The helicase dissociation assays were performed with ssDNA and ssRNA substrates of increasing length with both NS3h and NS3-4A proteins.
Dissociation kinetics of NS3h helicase domain
The time dependent increase in fluorescence due to helicase dissociation (Fig. 3A) was fit into a single exponential equation to obtain the helicase dissociation rate constants. The dissociation rate constants of NS3h-ssDNA decreased with increasing ssDNA length (Fig. 3B) . The inverse of the dissociation rate constants or the retention times increased linearly up to 20-25 nt of ssDNA (Fig. 3C) . The linear increase in the retention times with increase in ssDNA length is consistent with NS3h translocating unidirectionally on ssDNA. The initial slope of the retention time plot after dividing by two provides a rough estimate of the translocation rate of NS3h on DNA as 1.73±0.1 nt/s (Eq. 1 and 2). The decreasing slope of the retention time plot after 20 -25 nt indicates finite processivity and helicase dissociation from the middle of the longer DNAs before reaching its end.
As with ssDNA, a time-dependent increase in NS3h fluorescence was observed with ssRNA upon addition of ATP (Fig. 3D) . The observed dissociation rate constants decreased with increasing ssRNA length (Fig. 3E) , and the retention times increased linearly without reaching a plateau for substrates of up to 45 nt (Fig. 3F) . This result suggests a higher processivity of NS3h translocation on ssRNA. The translocation rate of NS3h on ssRNA estimated from the slope of retention time was 20.1 ± 0.02 nt/s, which is about 10 times faster than on ssDNA.
Dissociation kinetics of NS3-4A helicase-protease
The translocation-dissociation kinetics of the full-length HCV NS3-4A protease-helicase was studied using the same assay and conditions as with the NS3h. As was seen with the NS3h, the observed dissociation rate constants of NS3-4A decreased with increasing length of ssDNA and ssRNA ( Fig. 4A and C) . Retention times on ssDNA or ssRNA increased linearly with the substrate length of up to 25 nt ( Fig. 4B and 4D) . The translocation rate of NS3-4A on ssDNA estimated from the slope was 1.31 ± 0.03 nt/s. The estimated translocation rate of NS3-4A on ssRNA was substantially higher at 12.5±0.06 nt/s. Thus, both NS3h and NS3-4A translocate on ssRNA approximately 10 times faster than on ssDNA.
Pre-steady-state ATPase kinetics
Measurements of the helicase dissociation kinetics from different lengths of ssNA quantify the translocation steps that precede dissociation. A somewhat different view of translocation can be obtained by measuring the kinetics of another reaction linked to translocation -ATP hydrolysis. A translocating helicase hydrolyzes ATP at a higher rate, which decreases after the helicase dissociates from the substrate.
To directly measure the amount of ATP used for translocation and to make an independent estimation of the rates of translocation, we measured the pre-steady-state kinetics of the ATPase reaction with different lengths of ssNA using the phosphate release assay. This assay measures the concentration of inorganic phosphate (Pi), a product of ATP hydrolysis, in real time. The released Pi binds to the phosphate binding protein (PBP) that is fluorescently labeled at the genetically engineered cysteine residue resulting in an 8-fold increase of PBP fluorescence (41, 42) .
To make the ATPase kinetics measurements directly comparable to the kinetics of dissociation, the PBP assays were performed in the stoppedflow instrument using the same syringe configuration, the same concentrations of enzyme, ATP, and the ssNA substrates as in the helicase dissociation assays. The reactions were initiated by rapidly mixing the helicase pre-bound to ssNA with a mixture of ATP and PBP. The observed kinetics of Pi release was biphasic with an exponential burst followed by a slower steadystate linear rate. These observations are consistent with helicase translocation on ssNA followed by dissociation that reduces the ATPase rate.
Pi release kinetics of NS3h helicase
The burst phase of the Pi-release kinetics with the ssDNA substrates (Fig. 5A) was subtler than the burst phase with ssRNA (Fig. 5D) . However, the burst phase amplitudes increased with increasing length of ssDNA (Fig 5B) and the burst phase rate constants (exponential rate constant) decreased with increasing ssDNA length (Fig. 5B) . The inverse of the burst rate constants, the retention time, increased with ssDNA lengths (Fig.  5C ). This observation is consistent with that of the protein dissociation kinetics and provides additional evidence for unidirectional translocation of NS3h on ssDNA.
The translocation rate of NS3h on ssDNA as analyzed from the retention time plots was estimated to be 1.17 ± 0.03 nt/s, which is close to 1.7 ± 0.08 nt/s obtained from similar analysis of the protein dissociation kinetics (Fig. 4) . The initial slope of the Pi release burst, calculated as a product of the burst amplitude and the burst rate constant, remained constant with ssDNA length (Fig. S1A) . Its value was similar to the ATPase rate measured radiometrically with longer substrates (Fig. 2A, Table S1 ). This indicates that the length of the substrate does not affect the initial rates of ATP hydrolysis, and also suggests that the majority of the helicase population is in the bound state on all substrates.
The burst phase of the NS3h Pi-release kinetics with the ssRNA substrates was quite prominent (Fig. 5D) . The Pi release burst amplitude increased with ssRNA length and the burst rates decreased (Fig. 5E) , while the retention time increased with increased ssRNA length (Fig. 5F ). The analysis of the retention time plot provided an estimate of the translocation rate of NS3h on ssRNA to be 22.4 ± 0.07 nt/s, which is in good agreement with 20.1 ± 0.02 nt/s obtained from the protein dissociation experiments. Similarly, the initial slope of the burst phase was length independent and close in value to the saturating ATPase rate measured radiometrically (Fig. S1B, Table S1 ).
Pi release kinetics of NS3-4A
The Pi release kinetics of NS3-4A on ssDNA could not be measured reliably due to the slow ATPase rate of NS3-4A, both intrinsic and in presence of ssDNA (Fig. 2C) . The ssRNA stimulated the ATPase activity of NS3-4A to a greater extent, but a distinct pre-steady-state burst of Pi release was not observed (Fig. S2) . To differentiate the burst phase of the reaction from the steady-state phase, we used dextran sulfate as the protein trap, as with the protein dissociation assays (Fig. 5G) . The presence of dextran-sulfate prevented the enzyme from rebinding to the ssRNA, reducing the experimental conditions to single-turnover for protein binding and translocation. The kinetics of Pi release in the presence of the trap was unaffected at the initial time points, indicating that the trap does not alter the kinetic behavior of the protein -merely prevents it from rebinding to the ssRNA once it dissociates (Fig. S2) .
As was observed with NS3h, increasing ssRNA length resulted in decreasing burst rate constants of Pi release and increasing burst amplitudes (Fig.  5H) . The retention times increased linearly with substrate lengths of up to 30 nt (Fig. 5I) . The initial Pi release rate constant was 8.1 ± 0.6 s -1 (Fig. S1C ) and this value agrees well with the radiometrically measured PolyU stimulated ATPase rate of 8.2 ± 0.4 s -1 (Fig. 2D , Table S1 ). The translocation rate, was estimated to be 15.6 ± 0.12 nt/s, which is in good agreement with 12.5 ± 0.06 nt/s obtained from the protein dissociation experiments.
The model of translocation
Rigorous analysis of the helicase dissociation and ATPase kinetic data is required to test the helicase mechanism and to estimate the translocation parameters. We therefore built a model of translocation that would globally fit the two types of experimental results. The model assumes that the helicase binds ssNA substrate only at discrete positions one nucleotide apart from each other (Fig. 1) . The total number of positions N = L -B + 1, where L is the length of the substrate and B is the minimal binding site. Helicase molecules bound at each position are treated by the model as distinct reacting species.
The pre-steady-state experiments start with the pre-incubation of the helicase (400 nM) with ssNA substrate (40 nM) in the absence of ATP. Under these conditions, few substrates are occupied by more than one helicase molecule (~1%, assuming non-cooperative binding). Since the HCV helicase is known to bind the substrate with nanomolar dissociation constant (9), we assume that 100% of the helicase is bound to the substrate and the entire population is active in ATPase and translocation. Binding at each position is assumed to occur with equal affinity and rate constant k on .
Addition of ATP initiates the reactions of hydrolysis and translocation (Fig. 1) . The ATP hydrolysis reaction is modeled with pseudo-firstorder kinetics. The helicase may dissociate from the middle of the substrate with a rate constant k off,M . Free helicase hydrolyzes ATP with a pseudo-first-order rate constant k atp,i . If permitted by the experimental conditions, the free helicase can re-bind the ssNA.
Helicase translocation is modeled as a sequence of coupled stepping-hydrolysis reactions with a rate constant k S . For a helicase (H) bound to the ssNA substrate (D) in position i (DH i ), the product of stepping with an integer size S is DH i+S . Alternatively, if i + S is outside of the substrate, stepping results in dissociation. Translocation process with strong coupling, in which every hydrolysis event results in a step size S, can be described as
Translocation is most likely affected by thermal fluctuations, which are responsible for a loose coupling between hydrolysis and movement. In this case, each stepping event may produce a number of species with different probabilities. The probability of finding the helicase in position j after a step from position i, is given by probability mass function (PMF), p(i, j). Thus, PMF provides a detailed description of coupling between hydrolysis and movement. (6) where erf is the error function.
Normally distributed stepping probabilities can model a range of behaviors from deterministic unidirectional translocation (σ = 0, μ ≥ 1) to ATPdependent diffusion (σ > 0, μ = 0). However, as σ approaches zero, the effect of the mean step size on translocation becomes increasingly discrete until the system becomes equivalent to Equation 4 with a step size of the nearest to μ integer.
Another possible form of PMF describes a stepping reaction from position i with a continuous mean step size μ that produces two products at adjacent positions j above and below i + μ ( )
where ⎣μ⎦ is the largest integer ≤ μ and ⎡μ⎤ is the smallest integer ≥ μ.
Simulation and global fitting of the kinetics data
The helicase translocation mechanism includes helicase-nucleic acid complexes, each bound at all possible positions along the substrate, which are considered to be distinct reacting species.
The number of possible positions depends on the length of the substrate and the minimal helicase binding site on the ssNA. Since the substrate length varies from experiment to experiment, and the minimal binding site is a parameter that can change during optimization, the model uses a rule-based approach to represent a system with a variable number of species and reactions (57) . To simulate each experiment, appropriate reacting species and reactions were automatically generated according to the rules programmed in MATLAB. Using native rsys library for MATLAB, the ODEs were generated from the reactions and solved.
To fit the experimental data, the output of the model has to be directly comparable to the measured variables. Accordingly, concentrations of the reacting species obtained from solving ODEs were converted into units of measured variables, which introduced additional parameters related to the measurement technique (nuisance parameters). Helicase fluorescence observed in dissociation assay was simulated as proportional to free helicase concentration with an offset. The signal of Pi release assay was simulated by offsetting the phosphate concentration.
Since the effects of nucleic acid backbone and the protease domain of NS3 are not included in the model, the data for NS3h and ssDNA, NS3h and ssRNA, and NS3-4A and ssRNA were analyzed separately.
Initially, the experimental data were fit into a translocation model of deterministic stepping, where each ATP hydrolysis event is accompanied by a step of a constant size (Eq. 4). The fit, however, was not successful (data not shown) suggesting a variation of the step size. Next, models with stochastic step size variation were tested. While fitting the data into the translocation model with normally distributed stepping PMF (Eq. 6), the mean step size, μ, and its standard deviation, σ, had a tendency towards 1 and 0, respectively. With σ approaching zero, however, the result of the simulation becomes a step function of μ hampering further optimization.
In contrast, the model with two-position PMF (Eq. 7) produced good global fits for all three data sets (Table 1, Fig. S3 ). The confidence intervals in the table were computed asymptotically. Note, that although their values are small, this type of estimate can be inaccurate for non-linear models. However, since the best fitting parameters were determined by an extensive search using a random restart algorithm, it provided a good coverage for the space of feasible parameter values. Random restart was continued until the same best optimum was rediscovered many times. The parameter sets that were away from the optimum had significantly worse objective function values. Vicinities of the best parameter sets were further searched using a version of simulated annealing algorithm. These results provide a reasonable level of confidence that the reported parameters are accurate.
Parameter B, the minimal binding site, is used by the model as an integer, thus preventing its optimization by gradient methods. Random restart optimization helped to overcome this limitation by testing all feasible values of B and showing that binding sites ranging from 7 to 9 nt are consistent with the NS3h data and that the binding site of NS3-4A may range from 8 to 12 nt. The size of the NS3h binding site is known independently. Both the crystal structure and a functional fluorimetric titration assay reported the size of 8 nt (9, 28) . During final optimization of all datasets, the binding site was constrained to 8 nt, although its value for NS3-4A could be larger due to additional contacts between nucleic acid and the protease domain. Although the kinetic behavior for each helicase-substrate combination is different, the values of some parameters matched between datasets unexpectedly.
NS3h stepping on ssDNA and ssRNA occurs with same efficiency of 20%. The rate of nucleic acid binding by NS3h is similar for ssDNA and ssRNA. These findings suggest that similarities between translocation mechanisms of NS3h and NS3-4A on ssDNA and on ssRNA run deeper than we expected.
The fitting results show that for all three datasets, the mean step size is less than 1 nt (Table  1) . Since the two-position PMF was used to model the stepping process and since stepping of individual helicase molecules by a non-integer number of nucleotides is unlikely, this result suggests that the helicase translocates making 1 nt steps and μ should be interpreted as stepping efficiency --the probability of making a successful step after hydrolyzing one ATP molecule. The stepping efficiency of NS3h on either type of substrate is only 20%. In contrast, NS3-4A steps with near certainty moving one base forward 93% of a time. The stepping-hydrolysis rate constant of NS3h is nearly 5 times faster than that of NS3-4A on ssRNA; however, due to its lower average step size, the translocation rates of both proteins on ssRNA is the same (Table 1 ). The translocation rate of NS3h on ssDNA is however 5 times slower.
DISCUSSION
Helicases translocate along nucleic acids and unwind the strands of the double stranded nucleic acids by coupling ATP hydrolysis with stepping. To quantify this process, we collected experimental data reflecting both helicase movement and ATP hydrolysis. The kinetics of helicase dissociation from ssNA of increasing lengths monitored translocation, because the helicase dissociates from the end of the ssNA at a faster rate than from the middle. The pre-steadystate kinetics of Pi accumulation provided two types of information: a) the number of steppinghydrolysis and intrinsic hydrolysis cycles undergone by the helicase, and b) the proportion of helicase bound to the substrate and undergoing hydrolysis-stepping. Since the observed kinetics depends on the parameters of translocation in a non-trivial manner, we analyzed the experimental data by globally fitting the two types of experiments carried out under identical conditions into the detailed translocation model (Fig. 1) .
Helicase stepping mechanism and efficiency
The translocation model assumes that the helicase molecules bind ssNA at discrete positions spaced by one nucleotide. By hydrolyzing ATP, the helicase moves by an integer number of nucleotides to another position on the ssNA. To test whether the size of the step is constant for every hydrolysis event, the data were fit into a model of deterministic stepping process (Eq. 4). The fit was unsuccessful, suggesting that the step size varies. Since ssNA substrates used in the experiments were homopolymers, sequencedependent variation of the step size can be excluded. Position-dependent variation is also unlikely, because it would require helicase interaction with the substrate outside of the nucleic acid binding site.
Therefore, we hypothesized that the step size changes randomly due to thermal fluctuations. Two distributions of step sizes were considered. The translocation model with normally distributed step sizes (Eq. 6) showed a singularity as the mean and the standard deviation of step sizes approached zero and failed to fit the data. On the other hand, the model with a binary distribution of step sizes (Eq. 7) behaved robustly and produced successful fits of all datasets. It describes the step sizes of two integers closest to the floating value of the mean step size parameter.
The mean step sizes estimated by global fitting were less than 1 nt (Table 1 ). The modeling indicated that the helicase moves with a fundamental step size of 1 nt, but the stepping efficiency is not 100%. A fundamental step size of 1 nt is consistent with the recently published crystal structures of the NS3h-DNA complexes in various ATP liganded states (24) and DNA unwinding studies (33) . For the mean step size 0 < μ < 1, the model describes a process with a step size of 1, where μ can be interpreted as the stepping efficiency. The mean step size, μ, of NS3h on ssDNA and ssRNA is 0.15 and 0.2 nt, respectively, and that of NS3-4A is 0.93 nt. We attribute the fractional step size to the uncertainty of the stepping reaction. Thermal fluctuations play a major role in the mobility of nanometerscale objects, including helicases, which, along with other molecular motors have most likely evolved to take advantage of this phenomenon. Therefore translocation is expected to be a stochastic process, where each stepping reaction leaves the helicase molecule at the same position, move it one or several nucleotides forward, or even in the opposite direction. The NS3h makes a step forward, on an average, only after 4 unsuccessful attempts; thus, consuming a total of 5 ATP molecules per nucleotide translocated. In contrast to NS3h, the coupling of ATPase to translocation is tighter in NS3-4A, which fails to make a step forward, on an average, only once in 13 steps consuming 1.1 ATP molecules per nucleotide translocated.
Role of protease domain in translocation
Our results show that the chemomechanical coupling in the isolated helicase domain NS3h is not perfect and that NS3h steps forward with 20% efficiency during every ATP hydrolysis. On the other hand, the proteasehelicase NS3-4A steps forward with a 93% efficiency during every ATP hydrolysis. Thus, the protease domain in the NS3-4A improves the coupling between ATPase and helicase translocation. It has been suggested that the protease domain facilitates the helicase activity by making contacts with the nucleic acid (13) . Perhaps the additional interactions between the protease and nucleic acid improves the coupling. Alternatively, the protease domain may cause changes in the helicase active site to improve the allosteric crosstalk between the ATP and nucleic acid binding sites or stabilize the helicase domain to increase the stepping efficiency. Interestingly, the RNA stepping-hydrolysis rate of NS3-4A is about 5 times slower than that of the NS3h. The reduction of this rate could be a direct result of tighter coupling. A mechanism may exist that prevents stepping if the helicase is in a state that is unfavorable to its successful completion. This hypothesis is supported by the fact that NS3h and NS3-4A make successful steps at the same rate (translocation rate, k s ×μ of 7 nt/s, Table 1 ).
Processivity of translocation
Helicase processivity is the ratio between the rate of translocation and the rate of dissociation from the middle of substrate (Table 1 ). In the absence of ATP, binding of the helicase to nucleic acid is strong, hence dissociation of the helicase from the NS3-ATP-nucleic acid ternary complex is the most likely cause for the limited processivity. The nucleic acid binding properties of NS3h and NS3-4A are modulated by ATP to different extents. NS3h-ATP complex was shown to bind ssRNA approximately two times stronger than ssDNA (52, 58) .
However, during translocation, NS3h dissociates prematurely from ssRNA 10 times faster than from ssDNA. Because of the faster stepping rate on ssRNA, its processivity on RNA is only 2 fold lower than on DNA.
In the case of NS3-4A, ATP binding results in only a 5-fold decrease in RNA affinity ( (13); Rajagopal V and Patel SS, manuscript in preparation).
Full-length NS3-4A helicase dissociates from ssRNA 40% slower than NS3h domain and, since their translocation rates are equal, NS3-4A has proportionally higher processivity. It is possible that this modest decrease of dissociation rate is due to interaction between ssRNA and the protease domain. The processivity of HCV NS3h or NS3-4A proteins is comparable or better than some DNA helicases such as PcrA (59) , but lower than other helicases such as E. coli uvrD and T7 gp4 (17, 43, 45) .
Role of translocation activity in duplex nucleic acid unwinding
We demonstrate here that NS3h and NS3-4A are ATP dependent ssNA translocases. This is consistent with a recent report that shows ssDNA translocation activity of the NS3h (60) . Translocation along ssNA is considered a key activity for unwinding duplex nucleic acid and for displacing proteins bound to nucleic acids (17, 18, 45, 61, 62) . However, several DEAD box RNA helicases have been proposed to unwind duplex substrates without translocation wherein unwinding is achieved by multiple molecules of helicases locally separating the duplex region (20, 21) . The finding that HCV helicase can translocate along ssNA without requiring the ss/ds junction indicates that HCV helicase can unwind duplex nucleic acids catalytically by moving unidirectionally along ssNA. Recent single molecule and ensemble kinetics studies have shown that HCV helicase unwinds nucleic acids by an active mechanism that involves destabilization of base pairs at the ss/ds junction (63) (64) (65) . Thus, the simplest unwinding mechanism involves translocation-induced sequential destabilization and separation of base pairs.
Role of the single-stranded RNA translocation activity in HCV viral replication
The ssNA translocation activity in addition to facilitating duplex unwinding could play a broader biological role in viral replication. Although there are currently no studies available showing the exact function of NS3 in viral replication, mutagenesis and knockdown studies indicate that the protein is indispensable for viral survival (66) (67) (68) . The protease activity of NS3-4A is essential for the viral poly-protein processing (4, 5, 69) and also subsequently in downplaying the host immune responses (70) (71) (72) (73) . The helicase and ssRNA translocation activity of HCV helicase may play a role in any of the following processes: (i) generation of the minus (-) strand of the viral genome where it could assist the NS5B (RNA polymerase) by removing local secondary structures within the RNA genome during replication; (ii) generation of the plus (+) strand from the double stranded replicative form acting as the replicative helicase unwinding the dsRNA enabling RNA polymerization by NS5B; (iii) packaging the viral genome into viral heads to generate mature virions; and (iv) remodeling RNA-protein complexes. In each of these scenarios, the helicase has to translocate on ssRNA either to unwind the duplex RNA or to displace RNA-protein complexes or to package RNA. The fact that NS3-4A carries out the ssRNA translocation function efficiently indicates a possible role of the helicase in multiple activities, a strategy often employed by viral pathogens. Thus, targeting the ssRNA translocation function could be an additional avenue for developing anti-HCV drugs. Fig.1 The model of helicase translocation along single stranded nucleic acid. The helicase molecules are shown as small filled triangles bound at discrete positions on the ssNA substrate; the helicase binding site however spans many nucleotides. The helicase bound to the ssNA hydrolyzes ATP at a rate constant k S . Each ATP hydrolysis event is accompanied by a translocation step. The size of each translocation step is a random integer with a mean μ. Helicase steps falling beyond the substrate's boundaries result in protein dissociation from the ssNA. The free helicase molecules hydrolyze ATP at a rate constant k atp and, in the absence of a trap, re-binds the ssNA with a bimolecular rate constant k on . Fig.2 Steady-state ATPase rate constant as a function of ssNA lengths. The ATPase rate constants of NS3h (panels A, B) and NS3-4A (panels C, D) were measured by a radiometric assay as described in the Experimental Procedures in presence of 10-fold molar excess of ssDNA (panels A, C) or ssRNA (panels B, D). The ATPase rate constants are plotted as a function of substrate length. The ATPase rate constants at zero ssNA length is the intrinsic activity in the absence of ssNA. The ATPase rate constants measured in presence of poly dT and poly rU are plotted against the average length of the polymers reported by the manufacturer. * Confidence intervals were estimated asymptotically; model parameters without confidence intervals were kept constant during fitting. ‡ k on for NS3-4A/ssRNA dataset was fixed at zero because Pi release kinetics for this pair was measured in presence of trap, which prevented rebinding. When allowed to vary, k on converged to near-zero values.
Figure legends

